INTRODUCTION
family of apical antigens associated with the cytoskeleton. Experimental Parasitology 89, 296-303. Antigens associated with the conoid and apical pellicle in Apicomplexan parasites have previously been
Apicomplexan parasites such as Toxoplasma gondii emdefined by a panel of monoclonal antibodies that recognize distinct ploy a rigid framework of subpellicular microtubules to debut overlapping protein subsets (Morrissette et al. 1994) . To probe fine cell shape, a strategy shared with other protozoa orgathe association of these antigens with the apical membrane skeleton of Toxoplasma gondii, we examined their distribution in detergentnized by "subpellicular" or "corset" microtubules. In One hundred microliters of protein-A agarose (Gibco BRL) was washed of the pellicle, into regions where the apical antigens have not in immunoprecipitation buffer, resuspended in 300 l ascites or nonspebeen detected. In this report, we used detergent extraction and cific mouse IgG (Sigma), and incubated at room temperature for 1 h dinitroaniline treatment to demonstrate that distribution of with constant mixing. The protein-A-antibody complex was pelleted these antigens is more extensive, but their detection by antiat 4ЊC at full speed in a microfuge for 2 min and washed for 15 min with immunoprecipitation buffer. Beads were resuspended in the T.
bodies appears to be masked in intact parasites by the close gondii protein lysate and incubated with gentle mixing for 1 h at room association of microtubules with the pellicle. temperature, washed as before, and resuspended in SDS PAGE sample buffer. After electrophoresis, proteins were visualized by Coomassie staining of the gels or immunoblot analysis. The only monoclonal antibody in our collection that was successful in immunoprecipitation MATERIALS AND METHODS experiments (R3F2) did not require a rabbit anti-mouse bridge antibody to bind protein-A agarose.
Culture of parasites. Toxoplasma RH(EP) strain (Sabin 1941) was maintained by serial passage in confluent lines of primary human foreskin fibroblasts (HFF) in Eagle's minimal essential media supple-RESULTS mented with 1% heat-inactivated fetal bovine serum and 25 g/L gentamicin. Parasites were isolated from freshly lysed out HFF monolayers by filtration through 3-m filters (Nuclepore) as previously
In studies intended to characterize antigens associated with described .
the extreme apex of T. gondii, we previously isolated three Intracellular tachyzoites were treated with 1 M oryzalin (Lilly Research Laboratories; additional oryzalin was generously synthesized categories of monoclonal antibodies that identify overlapping by Dr. John Benbow, Lehigh University). Oryzalin-treated parasites patterns of multiple bands on immunoblots, suggesting that cannot replicate and lose their crescent shape owing to the disassembly these reagents may recognize a family of antigens having a of subpellicular microtubules (Stokkermans et al. 1996) . They continue common epitope or modification. As shown in Fig. 1A , antito grow in size, however, and lyse out of the host monolayer as bodies in the first class recognize at least six bands of Ͼ200, enormous, round cells (owing to their large size, oryzalin-treated parasites could not be isolated from host cell debris by Nuclepore filtration).
122, 112, 104, 92, and 68 kDa. Class II antibodies recognize Chlorpromazine and triflupromazine (Sigma) were applied at 10 M antigens that comigrate with the largest three of these bands, for 1-4 h prior to fixation.
but not the 68-, 92-or 104-kDa molecules. Class III recognizes subpellicular microtubules of extracellular tachyzoites (which do not replicate) but prevents formation of spindlepole microtubules in replicating intracellular parasites, blocking further division (Stokkermans et al. 1996) . Oryzalin also disrupts the subpellicular microtubules of intracellular parasites, causing them to lose their crescent shape. A microneme antibody that detects antigen MIC2 (Achbarou et al. 1991; Morrissette et al. 1994 ) was used as a probe for apical polarity, as shown in Fig. 3 . Rounded parasites (in which both the spindle and the subpellicular microtubules have disassembled) demonstrate partially dispersed cytoplasmic labeling rather than exclusively apical staining (vacuole at upper left), whereas parasites that retain their crescent shape (i.e., those that have not yet attempted to divide) maintain apical polarity (vacuole at lower right). The presence of both rounded and crescent-shaped parasites in a single sample results from treatment of the asynchronously replicating parasite population for less than a full ϳ8-h cell cycle (Fichera et al. 1995) ; upon longer treatment, all intracellular tachyzoites convert into a spherical shape.
FIG. 1. Three classes of monoclonal antibodies identify overlap-
The membrane cytoskeleton-associated antigen family rec- antigens are found in patches, spots, and rings associated with nitrocellulose, the Ͼ200-kDa band is recognized by class I antibody the tachyzoite pellicle (Fig. 4C) . It is interesting to note that C4F3, demonstrating that these two antibodies recognize the same these antigens retain some degree of organization and and protein. HC and LC indicate heavy and light chains, respectively, membrane association, even when the subpellicular microtufrom the primary antibody used for immunoprecipitation, which are recognized by the peroxidase-labeled anti-mouse secondary antibody.
bules are completely dispersed (Stokkermans et al. 1996) . Pellicular localization is clearly visualized by immunogold labeling (Fig. 5) . In untreated parasites, the antigens under study are labeled along only a fraction of the length of the subpellicular microtubules (cf. Fig. 4A ). However, for a brief cryosections of detergent-extracted parasites permit visualization of low-contrast subpellicular microtubules (which period after treatment with oryzalin-but prior to complete microtubule disassembly-these antigens label a radiating filcannot be seen in unextracted samples; Morrissette et al. 1994) . Labeling of these insoluble tachyzoite "ghosts" is amentous pattern reminiscent of the subpellicular microtubules (Fig. 4B) , suggesting that antibody recognition may be associated with sections through and tangential to the conoid, as well as with remnants of the pellicle. In Fig. 2A , the sterically hindered in untreated parasites. By immunofluorescence, the class III antibody (which lasubpellicular microtubules have collapsed into a single plane, and the gold label appears to be associated with the bels a very small region of the apex in untreated samples; Morrissette et al. 1994 ) is prominently associated with tiny structangential section along these microtubules (confirmed by statistical analysis of particle distribution; not shown).
tures after oryzalin treatment of Toxoplasma (Fig. 6A) . At high magnification, these structures are revealed to be minute Of particular note-and in contrast with observations in intact parasites-antigen is associated along the entire length rings (sequential, confocal optical sections demonstrate that the appearance of rings is not a focusing artifact; data not of the microtubules. To further examine the association of class I-III antigens with the tachyzoite cytoskeleton, subpelshown). In some cases, class I and II antibodies also stain a ringlike structure (Fig. 6C ). These rings are likely to represent licular microtubules were disrupted with oryzalin and other dinitroanilines. Oryzalin does not affect the nondynamic association of antigen with the conoid and apical polar ring. Similar effects on the distribution of apical antigens are associations between the corset microtubules and the plasma membrane (Seebeck and Gehr 1983) . Although these comobserved in parasites treated with ethalfluralin and trifluralin, two other dinitroaniline herbicides. In contrast, disruption pounds are toxic to Apicomplexan parasites (Kristiansen and Jepsen 1985) , their effect on Plasmodium and Toxoplasma of subpellicular microtubules is not observed after treatment of T. gondii with chlorpromazine or triflupromazine-drugs is morphologically distinct from that observed with dinitroanilines (not shown). that inhibit trypanosomatid parasite motility by disrupting (Stokkermans et al. 1996) . A single vacuole containing four parasites is shown in this sample, where the tachyzoites have recently attempted replication (after 6 h in drug). The C4F3 antigen appears to stain along filaments radiating from the apical end, presumably owing to association with the subpellicular  FIG. 3 . Oryzalin-mediated loss of microtubules destroys both the microtubules as they begin to separate from the pellicle prior to disascharacteristic crescent shape and the apical polarity of tachyzoites. After sembly. (C) After 24 h in oryzalin, the class I antigen is restricted to 6 h in 1 M oryzalin (less than one cell cycle; Fichera et al. 1995) , the spots and patches on the parasite pellicle. (D) Phase-contrast image of asynchronously replicating population of intracellular parasites is differthe same field shown in (C) demonstrates that the tachyzoites have entially affected. The four tachyzoites within the parasitophorous vacuswollen considerably in size, producing large amorphous blobs within ole in the lower right-hand corner of this image have not attempted to the single parasitophorous vacuole shown. Scale bar ϭ 10 m. replicate since oryzalin addition and retain their crescent shape and apical organization of MIC2 (antibody R7D2; Morrissette et al. 1994) . The four parasites in the upper left-hand corner (which have undergone abortive replication, resulting in disassembly of the subpellicular microtubules) that can be identified by C4F3 (a class I antibody) on immuare round and have lost apical polarity; micronemes are dispersed throughout the cytoplasm. Scale bar ϭ 10 m.
noblots, demonstrating that at least one of the comigrating bands is indeed identical (Fig. 1B) . These antigens are not extracted by Triton X-100 (Fig. 2) ; all six bands recognized by class I antibody partition to the detergent-insoluble fraction DISCUSSION (not shown). Treatment with 1 M oryzalin to disrupt subpellicular microtubules does not change the partitioning of these antigens, suggesting that their insolubility may be an inherent property rather than an indirect effect of microtubule associaAntigens associated with the conoid and the subpellicular microtubules of T. gondii are recognized by three classes of tion. Although these antigens are associated with microtubules, they do not have the property of heat stability common monoclonal antibodies that detect an overlapping pattern of multiple bands on immunoblots (Morrissette et al. 1994 ). Anto other high-molecular-weight MAPs such as Tau and MAP2 (Drubin and Kirshner 1986; Sloboda and Rosenbaum 1982): tibody R3F2 (class III) immunoprecipitates a Ͼ200-kDa band
FIG. 5.
Immunoelectron micrographs of parasites treated with orzyalin for 8 h. Apical antigens (antibody C12C2) localize to the conoid (which is not disrupted by this treatment) and the adjacent pellicle. Note that, although microneme organization is partly dispersed in such grossly distorted parasites (Fig. 3A) , some micronemes remain associated with the conoid. Abbreviation: c, conoid. Scale bar in (A) ϭ 0.5 m; scale bar in (B) ϭ 1.0 m.
FIG. 6.
Abolition of microtubule-based parasite organization reveals antigen association with the conoid or apical polar ring or both. (A, B) Class III antibody R3F2 labels tiny spots at the parasite periphery in oryzalin-treated tachyzoites (6-h treatment). At higher resolution, these spots are revealed to be circles (not shown). (C, D) In certain vacuoles, class I antibody C4F3 also produces a circular staining pattern. Scale bar ϭ 10 m.
when French press-or Dounce-disrupted parasites are subresembles the schizont stage of other Apicomplexans. In jected to heat treatment, the antigen family partitions with the most of the Apicomplexa, host-cell invasion by crescenthigh-speed pellet rather than the supernatant.
shaped forms (sporozoites, merozoites) is followed by a de-A number of protozoan cytoskeletal antigens display muldifferentiation event in which the parasites disassemble their tiple bands on immunoblots. Multiple bands can result from subpellicular microtubules and lose apical polarity (the apiprocessing of a polyprotein to its functional units (Rindiscal complex disperses), and the inner membrane complex bacher et al. 1993) or from susceptibility of highly repeated partly detaches from the plasma membrane (Aikawa 1971; MAPs to proteolytic degradation (Schneider et al. 1988 ). In Hammond 1973 Hepler et al. 1966; Sinden 1978) . These Plasmodium, it has been suggested that actin may be modide-differentiated forms are unable to invade host cells. Defied by ubiquitin to create a ϳ55-kDa arthrinlike species differentiation is followed by nuclear and organellar replica- (Field et al. 1993) . Although immunoblots of Apicomplexan tion and the formation of many daughter parasites (schizogprotein probed with anti-actin antibodies show multiple ony), which organize at the periphery of the polyploid materbands (including the canonical 43-kDa actin band and nal cell. In contrast, T. gondii replicates by endodyogeny-a higher-molecular-weight species; Baines and King 1989a,b;  modified form of schizogony that does not require de-differField et al. 1993) , none of the immunoblot bands labeled entiation, because only two daughter parasites are formed by either anti-actin or two different anti-ubiquitin antibodies within the mother. As a result, Toxoplasma tachyzoites recomigrate with the various class I antigens, suggesting that main invasive at all stages of the cell cycle. By disassembling the class I-III antigens in T. gondii do not arise from ubiquitithe subpellicular microtubules, oryzalin treatment converts nation. Carbohydrate modification could potentially generintracellular tachyzoites into a de-differentiated schizontate a common epitope on multiple proteins, but the cytolike form that is metabolically viable but incapable of invaplasmic location of these antigens argues against N-linked sion owing to the loss of motility and apical specialization. glycosylation. Moreover, treatment of blots with periodate Oryzalin treatment of intracellular tachyzoites yields a does not abrogate binding of T. gondii antigen by C4F3.
staining pattern consistent with the association of class I-III Treatment of Toxoplasma with dinitroanilines disrupts the antigens with subpellicular microtubules. The localization subpellicular microtubules, disperses the apical complex, of these antigens relative to microtubules appears somewhat and causes the inner membrane complex to partly detach restricted in untreated tachyzoites, however: microtubules from the plasma membrane (Stokkermans et al. 1996) . This transforms tachyzoites into a state that, in some respects, extend past the parasite nucleus, while the apical antigens 
